Running head: Phylogeny and putative MRO functions in a new metamonad clade.
Fornicata + Parabasalia and the Metamonada clade, to an approximately unbiased (AU) test, 140 and all of the alternative trees were rejected (p < 0.001). The results from the phylogenetic 141 analyses of 148-gene alignment consistently and robustly indicated that barthelonids are a 142 previously overlooked Metamonada lineage, which has a specific affinity with the Fornicata 143 clade. 144 There are two uncertain issues related to the taxonomic treatment of barthelonids for 145 future studies. Firstly, molecular phylogenetic analyses alone cannot determine whether 146 7 barthelonids are (a) a sister taxon to Fornicata, or (b) the deepest known branch within the 147 taxon of Fornicata. Fornicata is defined by a key ultrastructural characteristic in the flagellar 148 apparatus, namely the so-called "B fiber" forms a conspicuous arching bridge between the 149 two flagellar roots supporting the ventral feeding groove (Simpson 2003) . Therefore, we need 150 to investigate the ultrastructure of barthelonid cells in detail for their higher-level taxonomic 151 treatment. The second issue for future studies is whether it is appropriate to classify all of the 152 five strains examined in this study into a single genus Barthelona. In the Barthelona clade 153 recovered in the SSU rDNA phylogeny (Fig. 2) , strains PAP020, LRM2 and FB11 appeared 154 to be closely related to one another but are distant from strains PCE and EYP1702. We need 155 to assess their morphological characteristics to settle this issue.
156
Lack of substrate-level phosphorylation in the mitochondrion-related organelle of 157 Barthelona sp. PAP020. 158 All of the Barthelona strains assessed in this study (strains PAP020, EYP1702, PCE, LRM2 159 and FB11) are grown under oxygen-poor conditions in the laboratory. Our preliminary 160 ultrastructural observation of strain PAP020 did not reveal a typical mitochondrion. Instead 161 we observed a densely stained, double membrane-bounded organelle (Fig. S2 ). As all 162 metamonads studied so far lack typical mitochondria, we suspect that the double membrane- with a metabolic capacity similar to that of the hydrogenosomes in parabasalids like 169 Trichomonas vaginalis. Thus, we surveyed the transcriptomic data from strain PAP020 for 170 transcripts encoding hydrogenosomal/MRO proteins that are homologous to Trichomonas 171 8 proteins localized in the hydrogenosome. Strain PAP020 was predicted to possess the MRO 172 proteins involved in hydrogen production, pyruvate metabolism, amino acid metabolism, Fe-173 S cluster assembly, anti-oxidant system and protein modification (chaperones and proteases) 174 ( Figure 4A ; purple and grey ellipses represent the proteins found and not found, respectively; 175 see also Table S2 ). This suggests that the overall function of the MRO of strain PAP020 is 176 similar to that of the Trichomonas hydrogenosome, except in ATP generation capacity. We 177 did not identify any transcripts encoding two enzymes for anaerobic ATP generation through 178 substrate-level phosphorylation, namely (i) acetate:succinate CoA transferase (ASCT) that 179 transfers coenzyme A (CoA) from acetyl-CoA to succinate and (ii) succinyl-CoA synthase 180 (SCS) that phosphorylates ADP to produce ATP coupled with converting succinyl-CoA back 181 to succinate. We propose that strain PAP020 genuinely lacks ASCT and SCS and that its 182 MRO is incapable of generating ATP. 183 We additionally surveyed the PAP020 data for transcripts encoding cytosol-localizing 184 acetyl-CoA synthase (ACS), which is an alternative mechanism to generate ATP in fornicate 185 cells. Intriguingly, two distinct ACS sequences were retrieved, designated here as ACS2 and 186 ACS3. Although the transcripts encoding both ACS versions most likely cover their N-187 termini, neither of them was predicted to bear the typical signal to be localized in 188 mitochondria or MROs (i.e. an inferred N-terminal transit peptide). The abundances of the 189 ACS2 and ACS3 transcripts in strain PAP020 were 2249 and 2208 Transcripts Per kilobase 190 Million (TPM; Li and Dewey 2011), respectively, implying that the two Barthelona ACS 191 genes are indistinguishable at the transcription level. We subjected the two ACS sequences to 192 a phylogenetic analysis along with the homologues sampled from diverse bacteria, archaea 193 and eukaryotes ( Fig S3) . The PAP020 ACS2 sequence formed a clade with fornicate "ACS2" 194 sequences, which Leger et al. (2017) proposed to be cytosolic enzymes. Thus, we suggest that 195 ACS2 is most likely a cytosolic enzyme in strain PAP020 as well. The ACS phylogeny 196 9 recovered no strong affinity between PAP020 ACS3 sequence and other homologues (Fig. 197 S3). Neither of our analyses on the ACS3 sequence provided any positive support for MRO 198 localization, and we tentatively consider ACS3 as a cytosolic enzyme in strain PAP020.
199
Altogether, we conclude that strain PAP020 depends entirely on ATP generated by the two 200 cytosol-localizing ACS, as its MRO lacks substrate-level phosphorylation. For a better 201 understanding of ATP synthesis in this organism, the precise subcellular localizations of 202 ACS2 and ACS3 in strain PAP020 need to be confirmed experimentally in the future. data from stain PAP020, this particular event needs to be pushed back at least to the common 215 ancestor of fornicates and barthelonids, as strain PAP020 and multiple early-branching CLOs 216 (e.g., C. membranifera) share ACS2. It is worthy to note that acquisition of ACS2 may extend 217 back to the last common metamonad ancestor, since a possibly directly related ACS2 is also 218 present in Trimastix (Fig. S3 ). Secondly, as barthelonids are distantly related to D. brevis and Fig. 4B) .
225
In the current study, we reconstructed the metabolic pathways in the MRO of only one 226 of the five strains of Barthelona sp. We anticipate that stains PAP020, LRM2 and FB11, 227 which formed a tight clade in the SSU rDNA phylogeny (Fig. 2) , may have MROs with the 228 same or a very similar set of metabolic pathways. In future studies, it is important to 229 reconstruct the metabolic pathways in the MROs of strains PCE and/or EYP1702 to further 230 resolve the evolution of MROs and anaerobic metabolism in the Metamonada clade.
231
Considering the large evolutionary distance between PCE/EYP1702 and 232 PAP020/LRM2/FB11 in the SSU rDNA phylogeny (Fig. 2) , we may find that the MRO 233 functions of strains PCE and EYP1702 are substantially different from that of strain PAP020 234 deduced in the current study. temperatures. We ran 3,000,000 generations, and sampled log-likelihood scores and trees 267 with branch lengths every 1,000 generations (the stationarity was confirmed by plotting the 268 log-likelihoods sampled during the MCMC). The first 25% generations were discarded as 269 12 burn-in. The consensus tree with branch lengths and BPPs were calculated from the 270 remaining trees. 272 We conducted two RNA-seq runs of Barthelona sp. strain PAP020. The sequence 273 reads from the first analysis was used for a phylogenomic analysis assessing the position of 274 Barthelona spp. in the tree of eukaryotes, while those from the second sequencing run were 275 for surveying the proteins localized in the mitochondrial-related organelle (MRO) in strain 276 PAP020 (see below).
271

RNA-seq analyses
277
For the first RNA-seq run, PAP020 cells, together with bacterial cells in the culture 278 medium, were harvested and subjected to RNA extraction using TRIzol (Life Technologies) 279 by following the manufacturer's protocol. We shipped the RNA sample to a biotech company 280 (Hokkaido System Science) for cDNA library construction and subsequent sequencing using 281 the Illumina HiSeq 2500 platform, which generated 2.9 x 10 7 paired-end 100-bp reads (2.9 282 Gb in total). The initial reads were then assembled into 29,251 unique contigs by TRINITY 283 (Grabherr et al. 2011; Haas et al. 2013 ).
284
For the second RNA-seq run, we separated PAP020 cells from the bacterial cells in Table S1 ). For each of these 157 genes, 300 we added the homologous sequences retrieved from the transcriptomic data of strain PAP020 
312
Nine out of the 157 single-gene alignments were found to bear idiosyncratic phylogenetic 313 signal and were excluded from the phylogenomic analyses described below. After inspection 314 of single-gene alignments/trees, the remaining 148 single-gene alignments (Table S1) Table S1 . 
347
The amino acid sequences deduced from the contigs retrieved by the first BLAST searches 348 were then subjected to BLASTP analyses against NCBI nr database to exclude false positives.
349
The domain structures of the putative MRO proteins were examined using hmmscan 3.1 350 (http://hmmer.org). We inspected each of the putative MRO proteins for potential (ACS2) and the other showed no clear phylogenetic affinity to any known ACS (ACS3; see 517 Fig. S3 ). We regard ACS2 as a cytosolic protein in strain PAP020 (blue ellipse). As there is 518 no hint for the subcellular localization of ACS3, this version is omitted from the figure. 1, H2-519 synthesis; 2, pyruvate metabolism; 3, substrate-level phosphorylation; 4, amino acid 520 metabolism; 5, Fe-S cluster assembly; 6, anti-oxidant system; 7, protein modification. Hanaichi et al., 1986 , Sato, 1968 , and observed using a Hitachi H-7650 electron microscope 572 (Hitachi High-Technologies Corp., Tokyo, Japan) equipped with a Veleta TEM CCD camera 573 (Olympus Soft Imaging System, Münster, Germany). 
576
The ACS phylogeny was inferred using the maximum-likelihood (ML) method and ML 577 bootstrap values (MLBPs) were mapped on the ML tree. MLBPs below 50% are not shown. 
